NO reduction with carbon to form N2 and CO2 was investigated over group VIII metals/activated carbon (AC) catalysts.
Introduction
Nitrogen oxides (NOx) are air pollutants, and are the inevitable by-products of high-temperature combustion. In particular, NOx emitted from diesel engines also contains a large amount of small carbon particles, and the NOx and carbon particles combine to cause serious atmospheric pollution.
Thus, much attention has been paid to the simultaneous elimination of diesel NOx and carbon particles. In fact, NO reduction by carbon could occur to form N2 and CO2. Mechanistic studies on NOx reduction with carbon derived from phenolformaldehyde resin char without metal catalysts have already been reported1),2). Fe-or Ru-tailored activated carbon fiber catalysts are also active for NO reduction3),4). However, these studies are incomplete because NO reduction has not been carried out with a fixed-bed reactor using metals/activated carbon (AC) catalyst systems other than Fe or Ru/activated carbon fibers.
Our research program on the carbon-based catalytic reactions has already reported methane decomposition to form hydrogen and carbon5),6). The present study investigated NO reduction over AC-supported transition metal catalysts under gas flow conditions to clarify the catalyst nature of NO reduction.
Under actual conditions, two kinds of carbon particles would be present, those derived from the internal combustion cycle and those from the AC support.
This study used the reaction of NO with the AC support as a model reaction. We found that, in addition to Fe metal, noble metals such as Rh and Pd are also active. Results in the presence of the two kinds of carbons will be reported elsewhere.
Experimental
Commercially available carbon materials, such as activated carbon AC-Darco G-60 (abbreviated as AC, Aldrich), were treated with conc. HNO3 at 323K, followed by washing with H2O and drying at 373K overnight, prior to use. The carbon-supported metal catalysts were prepared by the impregnation method using carbon and precursors such as iron or rhodium nitrates, tetraammine palladium (II) nitrate, followed by drying at 373K. Catalyst thus prepared (0.2g) was diluted with quartz sand (2g), placed in a quartz reaction tube (12mm, inner diameter) and heated in an electric furnace. The metal precursors dispersed in carbon were pretreated at 773K for 3h under a pure hydrogen atmosphere and the treated catalysts were cooled to 373K under hydrogen. Then, premixed gas of helium-nitric oxide (NO) (0.2%, 30 ml/min) was introduced at atmospheric pressure (W/F= 3.4g-cat.h/mol) and the temperature was raised again gaseous products were analyzed by gas chromatography (GC) using Porapack Q and molecular Sieve 5A columns, after 30min on-stream*1) at each temperature. The metal particles in the fresh and used catalysts were analyzed by powder X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM).
Results and Discussion

Temperature
Dependence on NO Reduction over Metal/Activated Carbon Catalysts NO reduction by carbon occurred over metal/AC catalysts, except for Fe/AC, at 400-700K to form N2O ( Fig. 1 (b) ) and C(O) (Eq. (1) To compare these initial activities, the data after reaction for 30min
were taken for convenience.
*2) They have reported that oxygen-deficient magnetite (Fe3O4-x) was active for NO decomposition to form N2 and Fe3O4. In this case, Fe3O4-x conversion into Fe3O4 was irreversible, because Fe3O4 is assume that instability of metal oxides could favor O2 elimination, leading to CO2 formation and, as a result, completion of the catalyst cycle (Eq. (1)). If so, the Rh or Pd/AC catalysts might be more suitable for NO reduction by carbon than the Fe/AC system, because the atom)-1) is, at least, lower than that of Fe oxide. Thus, the Rh or Pd/AC catalysts will be examined in the following section. *3) The extremely low Rh content in [Rh6]/AC catalyst might be, at least in part, due to the low solubility of the [Rh6] cluster even in hexane8). solid carbon was investigated by the reduction of NO by CO using Rh/AC and Pd/AC catalysts under conditions of NO/CO=1/2*4). N2 and CO2 were detected as major products and N2O was formed as intermediate:
that the NO-CO reaction (Eq. (2)) could occur predominantly over the NO-C reaction (Eq. (1)): Therefore, in the absence of CO, the AC support could act as a reductant and CO is not an intermediate9). Table  1 Properties of Rh-Based Catalysts *4) There is an excess amount of carbon reductant over the Rh/AC catalyst. Therefore, an excess amount of CO (CO/NO=2) was used.
3.4.
Catalytic Activity as a Function of Time NO conversion over Fe/AC system dramatically decreased from 69 to 8%, after the reaction for only 40 min at 473K (Fig. 5 (a) ). In this case, total amount of NO converted at 40min was ca. 0.0225mmol, being corresponding to 3.1mol% of Fe over the catalyst. NO reduction could occur in a similar manner as above (Fig. 5 (b) ), after H2 treatment at 773K of the Fe/AC catalyst.
In contrast, NO conversion over the Pd/AC system was found to decrease by only 25% for 300min-reacRh. The activity was restored by H2 reduction of the used Rh/AC catalyst (compare Fig. 6 (a) with Fig. 6  (b) ). Thus, catalyst turnover in Rh or Pd/AC was found to be higher than that in Fe/AC. 3.5.
Catalyst Characteristics The fresh Fe/AC catalyst, air-dried overnight at 373 K, showed two diffraction lines characteristic of the bcc a-Fe and Fe3O4 structures, which were ascertained investigated over group VIII metals/activated carbon (AC) catalysts. The Fe/AC catalyst, formed by H2 reduction of iron nitrate, was active to form N2, but no CO2 was detected (Fig. 1) . Therefore, the catalyst surface was oxidized as the reaction proceeded.
As a result, the activity of the catalyst was decreased rapidly. To improve catalyst characteristics, noble metals such those of Fe oxides were tried. Instability of these metal oxides could induce CO2 formation, leading to completion of the catalyst cycle (Eq. (1)) and an increase in N2 yield. The obtained results were in good accordance with these expectations.
Finally, intermediate oxidation states between Rh(0) and Rh(III) or between Pd(0) and Pd(II) might be important for NO reduction by carbon, although a further study is required to clarify the real character of the active Rh or Pd species. (a)
